The inability of axons to regenerate over long-distances in the central nervous system (CNS) limits the recovery of sensory, motor, and cognitive functions after various CNS injuries and diseases. Although pre-clinical studies have identified a number of manipulations that stimulate some degree of axon growth after CNS damage, the extent of recovery remains quite limited, emphasizing the need for improved therapies. Here, we used traumatic injury to the mouse optic nerve as a model system to test the effects of combining several treatments that have recently been found to promote axon regeneration without the risks associated with manipulating known tumor suppressors or oncogenes. The treatments tested here include TPEN, a chelator of mobile (free) zinc (Zn 2 + ); shRNA against the axon growth-suppressing transcription factor Klf9; and the atypical growth factor oncomodulin combined with a cAMP analog. Whereas some combinatorial treatments produced only marginally stronger effects than the individual treatments alone, co-treatment with TPEN and Klf9 knockdown had a substantially stronger effect on axon regeneration than either one alone. This combination also promoted a high level of cell survival at longer time points. Thus, Zn 2 + chelation in combination with Klf9 suppression holds therapeutic potential for promoting axon regeneration after optic nerve injury, and may also be effective for treating other CNS injuries and diseases.
Introduction
The inability of neurons in the central nervous system (CNS) to survive or to regenerate damaged axons over long distances limits recovery after multiple types of damage, including spinal cord injury (Hug and Weidner, 2012) , stroke (Benowitz and Carmichael, 2010; Sozmen et al., 2012) , and traumatic or ischemic optic neuropathy Ghaffarieh and Levin, 2012; Wang et al., 2013; You et al., 2013) . In the case of the optic nerve, manipulation of various factors can promote long-distance regeneration and some reinnervation of central target areas, but these treatments have generally involved intraocular inflammation and/or deletion or knock-down of genes that can act as tumor suppressors, raising questions about their clinical utility (Bei et al., 2016; Belin et al., 2015; de Lima et al., 2012a; de Lima et al., 2012b; Duan et al., 2015; Kurimoto et al., 2010; Lee et al., 2010; Lim et al., 2016; Liu et al., 2010; Park et al., 2008; Smith et al., 2009; Sun et al., 2011) .
Here, we used the optic nerve crush (ONC) model in mice to evaluate combinatorial effects of three recently established treatments that stimulate retinal ganglion cells (RGCs), the projection neurons of the eye, to re-grow injured axons over long-distances. We focused on treatments that do not involve manipulation of factors such as Pten, Socs3, Sox11, Bcl2, and Myc (Belin et al., 2015; Chen et al., 1997; de Lima et al., 2012b; Jayaprakash et al., 2016; Kurimoto et al., 2010; Park et al., 2008; Smith et al., 2009; Sun et al., 2011) , which are established tumor suppressors or oncogenes (Cory et al., 2003; He et al., 2003; Keniry and Parsons, 2008; Kuo et al., 2015; Nilsson and Cleveland, 2003; Rigby et al., 2007) . We tested combinatorial effects of the following treatments: the Zn 2 + chelator TPEN (Li et al., 2017) , shRNA gene therapy-mediated knockdown (KD) of the axon-growth suppressing transcription factor Klf9 (Apara et al., 2017) , and the atypical growth factor oncomodulin (Ocm) combined with a cAMP analog (CPTcAMP) (Kurimoto et al., 2010; Yin et al., 2009; Yin et al., 2006 (Li et al., 2017) . Other studies have shown that intraocular inflammation also induces substantial levels of optic nerve regeneration and that this effect is mediated in large part by the atypical growth factor oncomodulin (Ocm), which binds to its cognate receptor on RGCs in a cAMP-dependent manner (Kurimoto et al., 2010; Yin et al., 2009; Yin et al., 2006) . The combination of Ocm and a cAMP analog (e.g., CPTcAMP) captures most of the effects of intraocular inflammation on axon growth without the potentially harmful effects of intraocular inflammation, although Ocm/cAMP has only a small effect on cell survival (Andereggen et al., 2015; Yin et al., 2006) . Our other recent work has shown that several members of the Kruppel-like transcription factor (KLF) family contribute to the developmental changes in RGCs' intrinsic capacity to extend axons, and that knock-down of KLF-4 or KLF-9, two developmentally-upregulated suppressors of axon growth, promotes axon regeneration in mature mice (Apara et al., 2017; Moore et al., 2009) .
Here, we found that out of these approaches, a co-treatment with TPEN and Klf9 KD had a substantially stronger effect than either one alone, while the other combinatorial treatments produced only marginally stronger effects than the individual treatments. Thus, Zn 2 + chelation in combination with Klf9 suppression holds therapeutic potential for promoting RGC survival and axon regeneration after optic nerve injury and potentially in other parts of the CNS as well.
Results
We tested three pro-regenerative approaches individually and then in 2-way combinations for possible additive or synergistic effects in promoting RGC survival and axon regeneration after optic nerve crush (ONC) injury in mice, a widely used model of CNS injury, and more specifically, traumatic optic neuropathy. Where information was available, we used the doses and timing of treatments as previously described (Kurimoto et al., 2010; Li et al., 2017; Yin et al., 2009; Yin et al., 2006 ) (experimental time-line is shown in Fig. 1 ): For localized gene therapy, we injected intravitreally 3 μl of a high titer (1 × 10 12 ) adeno-associated virus serotype 2 (AAV2) expressing anti-KLF9 shRNAs with a GFP marker, or GFP control, two weeks prior to ONC injury. For targeted drug delivery, we injected intravitreally immediately after ONC 3 μl of either Ocm (15 ng/μl) combined with CPT-cAMP (50 μM; as described previously for this treatment, Yin et al., 2006) , or TPEN (100 μM; also injected 4 days later as described previously for this treatment, Li et al., 2017) , or phosphate-buffered saline (PBS) as a control. Across studies, the investigator performing the surgeries and quantification was masked to the treatment (i.e., the tube with virus or drug was prepared and coded by another researcher) until the end of the experiment. Animals that received viral injections were randomly selected for subsequent injections of different drugs or PBS alone. The animals were euthanized two weeks after injury and analyzed for axon regeneration in the optic nerve and RGC survival in the retina as described in Methods (Fig. 1) . A few animals that developed cataract in the injured eye were excluded. As expected, the negative control group (AAV2-GFP injected prior to nerve injury, PBS injected shortly after injury) showed very few axons growing beyond the injury site, whereas each of the individual experimental treatments promoted considerable regeneration (Figs. 2-3 ; Table 1 ). Of these, pre-injury KLF9 KD resulted in greater regeneration than post-injury administration of Ocm + CPT-cAMP or TPEN (Figs. 2-3 ; Table 1 ). The extent of axon regeneration induced by Ocm + CPT-cAMP or TPEN was comparable to previous reports from our lab (Li et al., 2017; Yin et al., 2009; Yin et al., 2006) .
Combining KLF9 KD with TPEN resulted in substantially stronger regeneration than either one alone, enabling~200 axons to regenerate more than half-way down the optic nerve in just two weeks (total length of optic nerve~5 mm) (Figs. 2-3; Table 1 ). A few axons even entered the optic chiasm in these mice (Fig. 4) . In contrast, the effect of combining Ocm + CPT-cAMP with either TPEN or KLF9 KD was only marginally stronger than the individual treatments (Figs. 2-3; Table 1 ). Some of the treatments improved RGC survival compared to mice receiving the control virus + PBS injections, although the treated groups did not differ significantly from one another even though the averages differed slightly (Fig. 5) .
Next, we investigated the long-term effect of the lead combinatorial treatment of TPEN and KLF9 KD. The experiment was performed as above except that animals were sacrificed at 6 weeks after injury. Regenerating axons in these studies were labeled with intravitreal injection of the anterograde tracer cholera toxin subunit B (CTB), as our prior work has shown that levels of GAP-43 immunostaining begin to decline several weeks after the initiation of axon regeneration (Kurimoto et al., 2010 ). Mice were also tested at 4 weeks after injury and the day before sacrifice for possible recovery of simple visual functions using the optomotor response (OMR) (de Lima et al., 2012b) . The number of regenerated axons at 6 weeks after injury was unchanged from what we observed at 2 weeks ( Fig. 6A-B) , although a few axons regenerated through the optic chiasm and into the ipsilateral optic tract, with some stalling at the midline ( Fig. 6C-F) . Mice receiving the combinatorial treatment showed~7-fold higher levels of RGC survival than controls ( Fig. 6G-H ). These studies did not continue past 6 weeks after injury, and no evidence of visual recovery was found on the OMR tests by the latest time-point we tested, although the experiments were focused primarily on anatomic and not functional endpoints. Fig. 1 . Experimental timeline. Adult mice were pre-treated with anti-Klf9 shRNA gene therapy or GFP control virus 2 weeks prior to optic nerve crush (ONC) injury. The indicated treatments were injected intravitreally immediately after the injury and animals were sacrificed for histological analysis 2 weeks later. For the long-term experiment shown in Fig. 6 , mice were sacrificed 6 weeks after injury. E.F. Trakhtenberg et al. Experimental Neurology 300 (2018) 22-29 
Discussion
The failure of CNS projection neurons to regenerate axons damaged by injury or disease remains a major unmet problem in neurology and ophthalmology. No therapeutics exist yet to help patients regenerate damaged axons over long distances, and pre-clinical studies have shown only modest improvements, with some of the most successful approaches involving intraocular inflammation or manipulation of tumor suppressors and oncogenes such as Pten, Socs3, Sox11, Bcl2, and Myc (Belin et al., 2015; Chen et al., 1997; Jayaprakash et al., 2016; Kurimoto et al., 2010; Park et al., 2008; Smith et al., 2009; Sun et al., 2011) , which may be too risky for clinical use in humans (Cory et al., 2003; He et al., 2003; Keniry and Parsons, 2008; Kuo et al., 2015; Nilsson and Cleveland, 2003; Rigby et al., 2007) . Here, we carried out a systematic investigation of 2-way combinatorial effects of recently identified axon-regenerating treatments that do not involve direct manipulation of tumor suppressors or oncogenes. Our main result is that localized co-treatment involving attenuation of injury-induced elevation of mobile Zn 2 + using TPEN (Li et al., 2017) and shRNA gene therapy-mediated KD of the axon-growth suppressing transcription factor Klf9 (Moore et al., 2009 ) resulted in a substantially stronger effect on axon regeneration than either treatment alone (although still only~0.5% of normal at the furthest distance from the injury site we quantified at). Whereas the chelator TPEN in principle could also neutralize other divalent cations such as calcium, iron, manganese, cobalt, and copper (Cho et al., 2007; Ollig et al., 2016) , we previously showed (using various Zn 2 + sensors, chelators, equimolar pre-mixing with cations, Zn 2 + transporter ZnT-3 knockout mice, and other approaches) that in our retinal model system the neuroprotective effect of TPEN was due to chelation of mobile Zn 2 + . We further discovered that the effect on axon regeneration was sustained for at least 6 weeks, with some axons growing through the E.F. Trakhtenberg et al. Experimental Neurology 300 (2018) 22-29 optic chiasm and into the optic tract, albeit only ipsilaterally and not very far. The treatment-induced gains in RGC survival (at 6 weeks after injury) were substantial (~10% of normal), consistent with the effects of TPEN reported recently (Li et al., 2017) and reflecting sustained long-term neuroprotection of RGCs that would otherwise die in the control condition (~98.5%). The absence of visual recovery as measured by the OMR test is consistent with the failure of axons to extend far into the optic tract, although the shorter, 6-week time course of the experiments and lack of additional visual assays (e.g., circadian rhythm or visual cliff) suggest that further experimentation will be critical to addressing functional improvement. A possible mechanistic explanation for the additive effect on axon regeneration might be that TPEN substantially improved long-term RGC health and survival, enhancing the effects of Klf9 KD on long-distance axon regeneration. Mathematically, the effect of the combined treatment appears to be super-additive at the most distal points in the axon, in that the amount of long-distance axon growth seen with the combined treatment (at the furthest distances from the injury site that we quantified at, see Fig. 3 ) is greater than the sum of the effects of the individual treatments (TPEN or Klf9 KD) in isolation. At this stage, we do not yet know whether the two approaches act on complementary axon-growth pathways or whether they increase the activity of the same molecular pathway. The fact that only a few axons regenerated beyond the optic chiasm despite many more surviving the injury suggests other hypotheses, such as that extrinsic glia-associated inhibitors (Dickendesher et al., 2012; Yiu and He, 2006) may prevent more axons from growing over long distances, or that only a specific subtype of RGCs responds to the treatment robustly (Duan et al., 2015) . The precise nature of cooperativity between mobile Zn 2 + chelation and Klf9 KD, and the molecular mechanisms that underlie this effect, will be important to investigate in future studies. The number of axons that were initiated to regenerate by combining TPEN and KLF9 KD did not increase from 2 to 6 weeks after injury, suggesting that this combination does not also have a delayed onset effect on stimulating axon regeneration and/or that only some RGC subtypes are responsive to this treatment. Future studies are needed to test whether regeneration could be further enhanced by additional factors (e.g., attenuating myelin-associated inhibitors), towards achieving functional recovery of at least simple visual parameters.
As this approach does not involve manipulation of tumor suppressors or oncogenes, it may hold therapeutic potential for promoting axon regeneration after CNS injury. Gene therapies are becoming increasingly more accepted for clinical trials and zinc chelation therapy has been tested for safely in other conditions. Thus, localized intraocular injection of Klf9 shRNA clinical grade viruses and TPEN or other chelators has the potential to be translated to the clinic for safety and efficacy profiles, at least providing strong neuroprotection while continuing to develop means to enhance axon regeneration further.
Methods

Animal use, surgeries, and intraocular injections
Animal studies were performed at Boston Children's Hospital with approval of the Institutional Animal Care and Use Committee. Mice were housed in the animal facility with a 12-h light/12-h dark cycle (lights on from 7:00 AM to 7:00 PM) and a maximum of five adult mice per cage. The study used wild-type C57BL/6J mice (Jackson Laboratory). Optic nerve surgeries and intravitreal injections were carried out on male mice 8-10 weeks of age (average body weight, 20-26 g) under general anesthesia, as described previously (de Lima et al., 2012b; Li et al., 2017; Yin et al., 2006) . Viruses (3 μl per eye) were injected intravitreally, avoiding injury to the lens, in 8 week-old mice, 2 weeks prior to optic nerve surgery. This lead time allowed for sufficient transduction and expression of the shRNA to knock down expression of Klf9 in RGCs at the time of ONC. The viruses included AAV2 expressing anti-KLF9 shRNAs (target sequences are as follows: 5′-GGAGGCGCTGCCGGTTACGTA-3′, 5′-TGGCTGCCCAGTGTCTGGTTT-3′, 5′-CGGGGGACACCTGGAAGGATT-3′, and 5′-GCAAATAAATGCTTTTGGTAC-3′) and a GFP reporter (1 × 10 12 GC/ml; the Miami Project Viral Vector Core, University of Miami Miller School of Medicine, Miami, FL) to knockdown the Klf9 gene expression in RGCs; and as a control, AAV2 expressing a GFP reporter (1 × 10 12 GC/ml; Viral Vector Core, Boston Children's Hospital, Boston, MA). Agents (3 μl per eye) were injected intravitreally immediately after ONC, including recombinant Oncomodulin (15 ng/μl; as described previously (Yin et al., 2006) ; 8-(4-chlorophenylthio) (CPT)-cAMP (50 μM; Sigma), a membrane permeable, nonhydrolyzable Fig. 3 . Quantitation of axon regeneration 2 weeks after individual and combinatorial treatments. Regenerating axons visualized by GAP-43 immunostaining quantified 2 weeks after ONC at increasing distances from the injury site across various conditions, as marked (Mean ± S.E.M; n = 5-6 cases for each treatment). ANOVA with repeated measures, sphericity assumed, overall F = 13.7, p < 0.0001; p-values of pairwise comparisons by posthoc LSD are shown in Table 1 .
Table 1
Pairwise comparisons p-values for Fig. 3 . Pairwise comparisons between the treatments in Fig. 3 were performed by ANOVA with repeated measures and posthoc LSD. The p-values for each individual treatment compared to control treatment are shown in the first column. The p-values in rest of the columns are for comparisons between each combination treatment and the individual treatments, as well as between the combinatorial treatments themselves, as marked. Significant differences indicated by a star and bold p-value. Experimental Neurology 300 (2018) 22-29 cAMP analog; the specific Zn 2 + chelator TPEN (100 μM, Calbiochem), also injected 4 days later, as described (Li et al., 2017) ; and phosphatebuffered saline (PBS, 1×) as a vehicle control. Investigators performing the surgeries, injections, and quantifications were masked to the treatment identity (i.e., tube with virus or drug was prepared and coded by another researcher) until the end of the experiment, and the animals that received viral injections were randomly pulled for subsequent injections of different drugs or PBS control. A few animals that developed cataract in the injured eye were excluded.
AAV2-GFP/PBS
Histological procedures
Standard histological procedures were used, as described previously (caption on next page) E.F. Trakhtenberg et al. Experimental Neurology 300 (2018 ) 22-29 (de Lima et al., 2012b Kurimoto et al., 2010; Li et al., 2017; Yin et al., 2006) . Briefly, anesthetized mice were transcardially perfused with isotonic saline followed by 4% paraformaldehyde (PFA) at 2 or 6 weeks after optic nerve injury, the eyes, optic nerves, and the optic chiasms were dissected, postfixed 2 h, the retinas were dissected-out, and optic nerves and the optic chiasms were transferred to 30% sucrose overnight at 4°C. Free-floating retinas were immunostained in 24-well plate wells and, after making 4 symmetrical slits, flat-mounted on coated glass slides for imaging. The optic nerves and the optic chiasms were embedded in OCT Tissue Tek Medium (Sakura Finetek), frozen, cryostatsectioned at 14 μm (longitudinally for the optic nerves and horizontally for the optic chiasms), immunostained on coated glass slides, and then mounted for imaging. For immunostaining, the retinas and tissue sections were blocked with the appropriate sera, incubated overnight at 4°C with primary antibodies described in the main text, then washed three times, incubated with appropriate fluorescent secondary antibodies (1:500; Alexa Fluor, Life Technologies) 3 h at room temperature, washed three times again, and mounted. Images were acquired using fluorescent microscope (E800, Nikon).
Quantitation of axon regeneration and RGC survival
Regenerating axons were visualized at 2 weeks after optic nerve injury by immunostaining with a GAP-43 antibody [1:2000; custommade in sheep (Benowitz et al., 1988) ] and at 6 weeks after optic nerve injury by immunostaining for the cholera toxin B fragment (CTB, 1% in 3 μl; List Biological), which was injected intravitreally 2 days prior to sacrifice (anti-CTB 1:500, rabbit polyclonal; GenWay, #GWB-7B96E4). Sections were examined for possible axon sparing; no spared axons were found in controls and no evidence of axon sparing was found in experimental conditions (i.e., at 2 weeks after injury no axons were found beyond the initial segment of the optic chiasm and at 6 weeks no axons were found beyond the initial segment of the optic tract). Axons (defined as fibers continuous for > 100 μm, which are absent in controls and are discernible from background puncta and artefactual structures) were counted manually using fluorescent microscope (E800, Nikon) in at least 4 longitudinal sections per optic nerve at 0.5 mm, 1 mm, 2 mm, and 3 mm distances from the injury site (identified by the abrupt disruption of the densely packed axons near the optic nerve head, as marked by an asterisk in Figs. 2 and 6A ), and these values were used to estimate the total number of regenerating axons per nerve, as described (de Lima et al., 2012b; Yin et al., 2006) . RGC survival was quantified as in earlier studies from our laboratory and others (de Lima et al., 2012b; Guo et al., 2016; Kurimoto et al., 2010; Leon et al., 2000; Yin et al., 2009; Yin et al., 2006) , by immunostaining with an antibody to βIII-tubulin (1:500, rabbit polyclonal; Abcam, #Ab18207), taking advantage of the selective expression of βIII-tubulin in RGCs. ImageJ software was used to count βIII-tubulin + cells from 6 to 8 images per retina (200 ×, E800; Nikon) taken at prespecified areas, at 1 mm and four at 2 mm from the optic nerve head in four directions, then averaged to estimate overall RGC survival per mm 2 .
Statistical analyses
All tissue processing, quantification, and data analysis were done masked throughout the study. Sample sizes were based on accepted standards in the literature and prior experiences from our laboratory. Sample size (n) represents total number of biological replicates in each condition. All experiments included appropriate controls. No cases were excluded in our data analysis, although a few animals that developed cataract in the injured eye were excluded from the study and their tissues were not processed. The data was analyzed by ANOVA, with Repeated Measures where appropriate, and a posthoc LSD test, or by unpaired Student's t-test, two-tailed (SPSS). Data are presented as Means ± SEM. All differences were considered significant at p < 0.05. Fig. 6 . The combination of TPEN and Klf9-KD promotes lengthy axon regeneration and persistent RGC survival 6 weeks after injury. (A) Representative image of the optic nerve longitudinal section with CTB-labeled axons, from a TPEN + Klf9-KD treated case at 6 weeks after ONC. The edges of the tissue were trimmed (i.e., cropped-out) due to artefactual autofluorescence that is common at tissue edges. Inset images of the optic nerve regions proximal and distal to the injury site are magnified for better visualization of the axons, indicated by yellow arrows in the distal region. (B) Regenerated axons visualized by CTB labeling quantified 6 weeks after ONC at increasing distances from the injury site (mean ± S.E.M; n = 4; ANOVA with repeated measures, posthoc LSD). (C) RGC survival quantified in retinal flat-mounts immunostained for an RGC marker βIII-Tubulin (Tuj1 antibody) at 6 weeks after ONC in the treatment conditions as marked (mean ± S.E.M; n = 4; t-test, * p < 0.05). (D) Representative images of Tuj1-labled RGCs show a control that received PBS + GFP and experimentally treated with TPEN + Klf9 KD cases, 6 weeks after ONC. (E) Micrograph of the optic chiasm (horizontal section) with outlined regions where the regenerated axons were detected. (F) Insets of CTB-labeled axons detected in the optic chiasm regions outlined in E. (G) Nuclei marker (DAPI) stained horizontal section through the suprachiasmatic nucleus (SCN) above the optic chiasm along with the initial segments of the optic tracts. The SCN is identified by its typical olive-shaped pattern formed by densely concentrated DAPI-labeled nuclei (outlined by dashed white lines ovals). Regions of the optic tract where CTB-labeled regenerated axons were detected are outlined by dotted white lines rectangulars. No axons at, or growing towards, the SCN were found. (H) Insets of the CTB-labeled axons detected in the optic tact regions outlined in G. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
